Integrins play a crucial role in controlling endothelial cell proliferation and migration during angiogenesis. The Delta-like 4 (Dll4)/Notch pathway establishes an adequate ratio between stalk and tip cell populations by restricting tip cell formation through "lateral inhibition" in response to a vascular endothelial growth factor gradient. Because angiogenesis requires a tight coordination of these cellular processes, we hypothesized that adhesion, vascular endothelial growth factor, and Notch signaling pathways are interconnected.
The Notch signaling pathway involves interaction between 2 adjacent cells, one expressing a ligand (either Delta or Jagged) and the other expressing Notch receptor. Such cell interaction results in a proteolytic cleavage cascade releasing the Notch intracellular domain, which translocates to the nucleus and activates transcription of target genes such as Hes and Hey. 7 Whereas the ligands Delta-like 1 (Dll1), Delta-like 4 (Dll4), and Jagged 1 are expressed in EC, only Notch 1 and Notch 4 receptors are expressed. 8, 9 In EC, the Notch pathway regulates shaping of a branched vascular network by establishing differential capacity of EC to respond to VEGF stimulation. 10 VEGF is a key regulator of vasculogenesis and angiogenesis, and it signals via 3 distinct receptors: VEGF receptor (VEGFR)-1, VEGFR-2, and VEGFR-3. VEGF exerts multiple effects on EC, including proliferation, survival, migration, and tip cell sprouting. 11 VEGF induces Dll4 expression downstream of VEGFR-2 activation. 12 Expression of VEGF receptors is in turn regulated by Notch signaling. VEGFR-1 is induced upon Notch activation, 13 whereas VEGFR-2 expression is repressed. 13, 14 VEGFR-1 negatively regulates VEGFR-2 signals, and opposite modulation of their expression contributes to reduce or spatially restrict the response of EC to VEGF. VEGF modulates integrin affinity and expression, 15, 16 and a reciprocal activation of VEGFR-2 and ␣v␤3 integrin controls EC migration. 17 Nevertheless, a role of integrins downstream of VEGF signaling for controlling vessel branching has not been assessed.
Here we show that in EC, laminin-binding integrins specifically induce Dll4 expression. This requires combined ␣2␤1 and ␣6␤1 integrin signaling and involves induction of the Foxc2 transcription factor. Forced expression of Foxc2 in cells cultured on fibronectin was not sufficient to induce high Dll4 levels. Induction of Dll4 expression in EC contacting laminin occurs independently of VEGF signaling and leads to Notch pathway activation. Interestingly, VEGF treatment of EC stimulates laminin-␥1 production, leading to integrin signaling and Dll4 induction. Dll4 expression is also detected when EC are cultured on 3-dimensional matrigel (Basement Membrane Matrix), a model for branching morphogenesis. Furthermore, decreasing Dll4 or integrin expression levels ) were analyzed by quantitative polymerase chain reaction and Western blot after 4 hours of adhesion. C and D, Delta-like 1 (Dll1) and Jagged1 mRNA levels were measured by quantitative polymerase chain reaction. Graphs represent fold induction ϮSD compared with T 0 (cells in suspension, nϭ3; ***PՅ0.0001). Human umbilical vein endothelial cells were seeded on three-dimensional matrigel lysates and RNA were collected over network formation time course and Dll4 levels were measured by quantitative polymerase chain reaction (E) or Western blot (F). Graph represents fold induction ϮSD compared with T 0 (nϭ3; ***PՅ0.0001; *PՅ0.01). G and H, Notch1 and Notch4 mRNA levels were measured by quantitative polymerase chain reaction in cells grown on different extracellular matrix. Graphs represent fold induction ϮSD compared with T 0 (nϭ3).
Non-standard Abbreviations and Acronyms

Dll4
Delta 
Estrach et al Integrins Contribute to Notch Signaling
using SiRNA leads to increased branching of EC network in a situation resembling the in vivo phenotype of Dll4 -Notch pathway inhibition. 18 -21 This study shows that ECM is important for endothelial sprouting by promoting, via selective integrin signaling, the Notch ligand Dll4 expression. Moreover, that VEGFstimulated expression of Dll4 involves laminin production, and integrins ligation underscores a new mode of action of this angiogenic factor to control sprouting. Overall, we disclose the cross-talk between a cell-ECM-mediated signaling and the cell-cell signaling that governs endothelial tip vs stalk cell selection.
Methods
An expanded Methods section is available in the Online Data Supplement available at http://circres.ahajournals.org, including detailed cell culture conditions, list of material, oligonucleotides and constructs used, reverse-transcription polymerase chain reaction, immunoprecipitation, Flow cytometry, BrdUrd incorporation, and Western blotting protocols.
Results
Cell Adhesion on Laminin-111 Induces Dll4 Expression
To investigate the role of ECM components in signaling events leading to the establishment of endothelial tip and stalk cell subpopulations, we analyzed Dll4 expression in response to adhesion of primary human umbilical vein EC (HUVEC) to individual ECM proteins. We specifically detected Dll4 mRNA induction after adhesion on laminin-111 (Lm), peaking to 6-fold after 6 hours ( Figure 1A) . No significant induction of Dll4 was observed after cell adhesion on fibronectin (Fn), collagen type I, and collagen type IV, indicating specificity for Lm-induced signals. Induction of Dll4 by Lm was confirmed by Western blot ( Figure 1B) . The specific upregulation of Dll4 expression was also observed in aortic EC contacting Lm, indicating that this regulation occurs in arterial cells as well (Online Figure IA) . Interestingly, neither Dll1 nor Jagged1 expression was induced after adhesion on ECM ( Figure 1C and 1D) . HUVEC cultured on 3-dimensional matrigel, which is mainly composed of laminin and collagen, form a branched network, representing an in vitro model of sprouting angiogenesis. Dll4 expression monitored during network formation showed 2-fold and 5-fold mRNA induction at 4 and 6 hours, respectively. Once the network established, at 8 to 10 hours, mRNA induction declined to 1.5-fold ( Figure 1E ). Dll4 protein expression was confirmed by Western blot ( Figure 1F ). Interestingly, a modest variation of Jagged1 and a late induction of Dll1 mRNA expression were measured during network formation, suggesting expressions ensuing from morphogenic-associated signaling events (Online Figure IB) . The expression of Notch1 and Notch4 receptors was not modulated by adhesion on different ECM components ( Figure 1G and 1H). In conclusion, specific adhesion of HUVEC on Lm induces the selective expression of the Notch ligand Dll4.
Notch Pathway Is Activated After Dll4 Induction
To measure Notch pathway activation after cell adhesion on Lm, we monitored induction of the target genes Hes and Hey. 22 Our results show that Hey1 and Hey2 ( Figure 2A ) were specifically induced, whereas no significant induction was seen in cells seeded on other substrates. Hey1 and Hey2 expression was also detected in the 3-dimensional matrigel assay ( Figure 2B ), which demonstrated that induction of Dll4 correlates with Notch signaling activation. To confirm that Hey1 and Hey2 inductions are attributable to Dll4 activation of Notch pathway, we knocked down Dll4 in EC. In absence of Dll4 expression, Hey1 and Hey2 induction was strongly impaired ( Figure 2C , Online Figure IIA) . Furthermore, treating cells with the pharmacological inhibitor of Notch signaling DAPT also impaired Hey1 and Hey2 expression in our model (Online Figure IIB) . These results show that the Notch pathway is activated after Dll4 induction on Lm.
Dll4 and ␣2 Integrins Cooperate to Regulate EC Proliferation
Absence of Notch signaling or decrease in Dll4 expression leads to EC hyperproliferation. 18 -21 Integrin ␣2␤1 serves as an Lm receptor in EC and signals for cell proliferation arrest. 23 We investigated whether Dll4 plays a role downstream of ␣2 integrin to control EC proliferation. We either overexpressed or knocked down Dll4 and assessed proliferation ability of EC plated on either Fn, which binds ␣5 integrin, or Lm ( Figure 3A and 3B). As previously reported, 23, 24 EC proliferated on Fn but remained quiescent on Lm ( Figure 3C and 3D). Interestingly, mimicking the effect of Lm, Dll4 overexpression induced arrest of proliferation in cells plated on Fn ( Figure 3C ). Conversely, knocking-down Dll4 expression partially rescued cell proliferation on Lm ( Figure 3D ), whereas no effect was observed in cells on Fn. Because Dll4 knockdown allows regain of proliferation capacity but no gain of function when ␣2␤1 integrin is not bound to its ligand, these results suggest that Dll4 induction contributes to the cell proliferation arrest imposed by Lm and ␣2␤1.
Lm-Induced Dll4 Expression Requires Integrin Signaling
In HUVEC, Lm-binding integrins ␣2, ␣3, and ␣6 are expressed but differently contribute to adhesion, with ␣2 integrin being the main adhesion receptor to Lm. 23 To identify the integrins involved in Lm-induced Dll4 expression, each ␣ subunit was selectively knocked-down. Because ␣2 is critical for Lm adhesion, ␣2 knocked-down cells were plated on a mixed matrix (FnϩLm), which allows cell adhesion and Dll4 expression ( Figure 1B ). In absence of ␣2, Dll4 induction was strongly impaired (82% reduction), which demonstrates that Dll4 induction upon adhesion to Lm requires ␣2␤1 integrin ( Figure 4A ). Interestingly, knocking down ␣6 reduces from 50% Dll4 induction in cells on Lm, whereas ␣3 knockdown had no effect ( Figure 4B and 4C). We also tested the effect of Notch pathway inhibition on Dll4 levels. Treating cells with DAPT partially impaired Dll4 expression, indicating a positive feedback loop of Dll4 on its own expression via Notch signaling ( Figure 4D ). We thus establish for the first time to our knowledge a functional link between ␣2␤1/␣6␤1 ligation to Lm and induction of Dll4 expression in EC.
We next studied localization of ␣2 and ␣6 integrins in a three-dimensional embryoid body model in which mouse embryonic stem cells differentiate and form well-established tip cells heading sprouting capillaries. 25 As shown in Figure 4E , ␣2 localized in EC but not in pericytes (arrow), whereas ␣6 was expressed in both cell types. Integrins labeled the overall surface of EC and intense staining was observed for ␣2 in filopodia projections of tip cells (arrow heads). Such localization is in agreement with a role of these receptors in the sprouting process.
Lm Induces Dll4 Expression via Foxc2-Dependent Transcription
To identify the signaling involved in Dll4 induction downstream of integrins, we investigated whether Dll4 mRNA increase requires de novo transcription, as opposed to regulation of mRNA stabilization. Cells were seeded on Fn or mixed matrix (FnϩLm) in presence of actinomycin D to interfere with transcription initiation. Actinomycin D treatment impaired the induction of Dll4 mRNA after cell adhesion ( Figure 5A ), thereby implying a transcriptional mechanism. VEGF promotes transient dissociation of the Tel-CtBP transcriptional repressor, resulting in Dll4, sprouty-4, and VE-cadherin expression, together with 16 other genes. 26 We investigated whether signaling by Lm-binding integrins could interfere with Tel-CtBP to derepress Dll4 transcription. The gene profile defined for Tel-CtBP inactivation was analyzed in HUVEC cultured on Lm. Although Dll4 and Hey1 were induced, we did not find a correlation with the genes tested, thereby ruling out a major contribution of this mechanism (Online Figure IIIA) . Sequence analysis of the human Dll4 promoter revealed numerous putative transcription factor-binding sites, including transcription factors involved in vascular development such as LEF/TCF, Tal1, Ets, and forkhead family members. It is known that a combinatorial regulation by Ets and forkhead transcription factors tightly controls endothelial gene expression and that Foxc2, a forkhead member, plays a key role in vascular development. 27, 28 Foxc2 directly binds the Dll4 promoter and induces Dll4 expression in arterial EC. 29 To determine whether Foxc2 is involved downstream of integrin signaling, we monitored its expression by quantitative polymerase chain reaction. Foxc2 was transiently and specifically induced by Lm within 2 hours of adhesion ( Figure 5B ). Importantly, Foxc2 knockdown impaired Dll4 induction on Lm, which demonstrates its requirement for Lm-induced Dll4 expression ( Figure 5C , Online Figure  IIIB ). To determine whether Foxc2 was sufficient to induce Dll4 expression, we analyzed the consequence of its overexpression in cells plated on Fn ( Figure 5D , Online Figure IIIC ). The transfection of Foxc2 slightly enhanced expression of Dll4 in cells on Fn at early time points but did not allow reaching of the amounts of Dll4 detected in control cells after 4 hours of adhesion on Lm. These data indicate that Lm conveys an additional signal that cooperates with Foxc2 to express optimal levels of Dll4.
To disclose the mechanism of Foxc2 expression, ␣2 and ␣6 integrins were selectively knocked-down. In absence of ␣2 expression, Foxc2 induction by Lm was lost ( Figure 5E , Online Figure IIID ), whereas ␣6 depletion had no impact on Foxc2 levels but blocked Dll4 mRNA induction ( Figure 5F , Online Figure IIIE and IIIF). Taken together, these results indicate that Foxc2 is required for Dll4 expression and that its induction by Lm is controlled by ␣2␤1 integrin, whereas ␣6␤1 contributes to Dll4 expression by a distinct mechanism. Thus, ␣2␤1 and ␣6␤1 signaling converge to Dll4 expression via nonredundant signaling pathways.
VEGF Induces Lm Deposition Leading to Subsequent Dll4 Expression
VEGF signaling induces Dll4 expression during postnatal angiogenesis in the retina. 19, 21 In arterial endothelium, VEGF-A triggers Dll4 expression through PI3K and ERK signaling in collaboration with forkhead transcription factors. 12,28,29 VEGFR-2 is mainly responsible for the signaling inducing Dll4 expression. 10 VEGF-A binds to VEGFR-2 and triggers receptor autophosphorylation. 11 To assess whether integrin engagement activates VEGFR by coclustering into focal adhesions, HUVEC were plated on either Fn or Lm, and phosphorylation of VEGFR-2 or VEGFR-1, together with induction of Dll4, was monitored. VEGF treatment was the positive control. Neither Fn nor Lm activated VEGFR-2 and VEGFR-1 ( Figure 6A , Online Figure IVA ) and, accordingly, blocking antibody against VEGFR-2 had no effect on Lminduced expression of Dll4 ( Figure 6B ), which demonstrates an induction independent from VEGF signaling.
VEGF-A stimulates tip cell formation in vivo; 18, 21, 30 in vitro, it stimulates Dll4 expression within 24 hours. 12 To investigate the idea that VEGF could trigger a cascade of events leading to ECM remodeling around the future sprout, EC were plated on plastic and stimulated with VEGF-A. After 4 days in culture medium, cells and extracellular matrices were collected and analyzed for ECM protein content. Interestingly, cells treated with VEGF produced and layered-down higher amounts of laminin-␥1 than untreated controls, and induction of Dll4 was detected ( Figure 6C ). Knocking-down laminin-␥1 in cells submitted to 4-day VEGF stimulation strongly impaired Dll4 induction ( Figure 6D ). Similar effect was seen after silencing integrins ␣2 or ␣6, which reveals their involvement in the VEGF signaling cascade leading to Dll4 induction in vitro ( Figure 6E and 6F, Online Figure IVB) . Interestingly, mice overexpressing Dll4 present increased laminin production and deposition in the dorsal aorta. 31 Thus, in our model, VEGF could stimulate laminin production in cells via direct VEGFR-2 signaling and as a consequence of induction of Notch signaling.
Tight Regulation of Dll4 Level Influences Endothelial Network Ramification In Vitro
Notch pathway inhibition in EC results in increased sprouting and branching of blood vessels. 18 -21 Moreover, Dll4/Notch signaling restricts tip cell formation in response to a VEGF gradient, thus establishing an adequate ratio between stalk and tip cells. 18, 21, 30 In this study, we disclose the interaction between three major signaling pathways involved in angiogenesis: VEGF, Notch, and integrins. To illustrate the role of this interaction, the effect of Dll4 or integrins deletion on in vitro vascular network branching in three-dimensional matrigel was analyzed by scoring branching points during a time course. Interestingly, knocking-down Dll4 expression increased network ramification ( Figure 7A and 7B, Online Figure VA) , which is in agreement with the increased ramified retinal vasculature observed in Dll4 ϩ/Ϫ mice. 18, 19, 21 Knocking-down either ␣2 or ␣6 integrin enhanced network formation by raising the number of branching points ( Figure 7C, Online Figure VB) , which is in agreement with the downregulation of Dll4 expression observed Lysates were immunoprecipitated using a VEGFR-2 antibody when indicated (Ip) and analyzed by Western blot with indicated antibodies (nϭ3). C, Human umbilical vein endothelial cells (HUVEC) were kept in culture for 4 days with 10 ng/mL VEGF. Secreted proteins (media), extracellular matrix layered to the plate (matrix), and cell lysates were collected and subjected to Western blot using indicated antibodies (nՆ3). HUVEC transfected with control siRNA (si Ctrl) or siRNA against laminins (si lam ␥1; D), integrin ␣2 (si int ␣2; E), or integrin ␣6 (si int ␣6; F) were cultured for 4 days with 10 ng/mL VEGF. Cell lysates were collected and Dll4 level was analyzed by Western blot.
in absence of ␣2 or ␣6 integrins. Similar results were obtained in presence of VEGF ( Figure 7D) , thus reinforcing the link between VEGF, integrins, and Notch pathways that we have unraveled.
Discussion
Angiogenesis requires complex coordination of cell proliferation, migration, and cell-cell signaling. Our study provides molecular insights showing that integrins cross-talk with the pathways controlling tip and stalk cells establishment, the VEGF and Dll4-Notch pathways, and therefore could signal to control the endothelial morphological processes involved during sprouting angiogenesis. Specifically, we provide evidence that the laminin-binding ␣2␤1 and ␣6␤1 integrins act upstream of the Notch pathway and that VEGF stimulation of EC increases laminin production and Dll4 expression. Thus, we hypothesize that, via VEGFR and eventually Notch signaling, VEGF induces laminin production and deposition by EC. In turn, specific production of laminin leads to integrin-dependent signaling, which induces Dll4 expression and Notch pathway activation. Such a regulatory cascade, linking VEGF, integrin, and Notch signaling, participates to regulate tip cell/stalk cell balance (Figure 8 ).
ECM Specifically Regulates Subsets of Notch Endothelial Ligands
In the vascular system, the Notch pathway is required for induction of arterial cell fate during development and selection of endothelial stalk vs tip cells during sprouting angiogenesis. For both functions, Dll4 ligand is required whereasDll1 or Jag1 play distinctive roles. We have established that specific stimulation of EC by Lm induces Dll4 expression. Interestingly, none of the two other Notch ligands expressed 
Estrach et al Integrins Contribute to Notch Signaling
by EC, Dll1, and Jag1 was induced by Lm. During arterial fate specification, Dll1 expression is crucial in maintaining arterial identity marker expression and enhancing arterial cell responsiveness to VEGF by upregulating expression of VEGFR2 and NRP1. 32, 33 That Lm does not control Dll1 expression implies that Lm-integrin control of Notch signaling via Dll4 expression is involved in the control of tip-stalk balance. Thus, although Dll4 induction in EC cultured on Lm (this study) or on VEGF stimulation for arterial specification 28, 29 is controlled by a common transcription factor, Foxc2, Lm also signals by specific molecular partners to set-up a selective Notch response in EC. Using endothelialspecific conditional knockout mice for Jag1, Benedito et al 34 recently demonstrated that Jag1 antagonizes Dll4 effects during sprouting angiogenesis. Jag1 is strongly expressed in stalk cells, whereas Dll4 expression is higher in tip cells. The different expression and localization of these two Notch ligands allow the establishment of a regulation loop in which a strong activation of Notch in the stalk cell occurs and, in return, the fringe modification of Jagged1-activated Notch leads to a downregulation of the Notch activity in the leading cell.
Our finding that laminin-binding integrins signal exclusively for Dll4 expression makes it tempting to anticipate that a role of this pathway in vivo would be to control relative amounts or spatial localization of different Notch ligands, or both. Laminin-binding integrins could signal to control the temporal extent and the amplitude of Dll4 expression to reinforce the competitive advantage of tip cells and contribute to their persistence at the tip position in the sprout. 25 
Role of Laminin and Laminin-Binding Integrins in Vascular Patterning
Laminins, and basement membranes in general, are known for their role in vessel stabilization and maturation. Lama5 knockout is embryonic lethal, with a majority of the embryo vasculature being unaffected whereas the placental vasculature is reduced. In contrast, lama4 knockout mice have hemorrhagic vasculature and enlarged blood vessels until neonatal stages, a phenotype that is gradually lost after birth. 3, 35 These results, and the generation of a lamc1 knockout model (pan-laminin) to study vascular differentiation of embryonic stem cells, show that laminins are dispensable for vascular differentiation per se. Interestingly, vasculature obtained from mutant embryonic stem cells also harbors widened vessels consequent to increased EC proliferation. 36 This conforms to a role of laminin in the maintenance of a quiescent vasculature. We previously involved ␣2␤1 integrin in EC growth arrest imposed by Lm in culture, 23 and this study suggests a contribution of Lm through ␣2␤1 and ␣6␤1 integrin signaling to control vascular branching. Interestingly, integrin ␣2-deficient and ␣6-deficient mice display enhanced adult angiogenesis. [37] [38] [39] The ␣6 endothelial knockout is associated with increased expression and signaling of VEGFR-2, whereas ␣2 knockout leads to enhanced VEGFR-1 expression and EC proliferation. 37, 40 In light of our results, analysis of Notch signaling in these laminin and integrin loss-offunction models could disclose a novel role of laminin and its receptors in vessel branching morphogenesis.
Connections Between Adhesion and Notch Signaling in EC
Lines of evidence involve Notch signaling in the control of cell adhesion because expression of Notch intracellular domain leads to activation of ␤1 integrins and stimulates cell adhesion. 41, 42 Also, laminin deposition by tip cells has been reported both in vitro in an embryoid body model 36 and in vivo, together with the basement membrane components Nidogen-1 and Nidogen-2. 43 Our mechanistic analysis now provides original cues that establish an active role of laminin and its receptors ␣2␤1 and ␣6␤1 integrins in signaling for the control of Delta/Notch pathway. Therefore, besides playing a role in cell migration and in vessel scaffolding and stabilization, basement membrane components appear to be directly involved in the regulation of vessel branching. Moreover, our results unveil the complex and intricate mode of cooperation between Notch and adhesion molecules. In this respect, Brutsch et al 44 recently identified ICAP-1 as a novel negative regulator of angiogenesis and showed that this function is mediated by CCM1-mediated activation of Notch signaling. Because ICAP-1 is a protein regulating integrin affinity, 45 its action in angiogenesis could also involve integrins.
In conclusion, our study of EC places laminin-binding integrins upstream of the Notch pathway by inducing a transcriptional program leading to the expression of Dll4 and activation of the Notch pathway. Our data also suggest that VEGF regulates ECM composition to stimulate these integrins, thereby impacting on the balance between tip and stalk cells selection at an additional level. 
What New Information Does This Article Contribute?
• Adhesion of endothelial cells to laminin induces Dll4 expression and activates Notch pathway.
• The ␣2␤1 and ␣6␤1 integrins, receptors of laminin, specifically trigger intracellular signaling pathways leading to Dll4 induction.
• Induction of Dll4 by laminin requires Foxc2-dependent transcription.
• Vascular endothelial growth factor (VEGF) stimulates laminin deposition by endothelial cells, leading to specific integrin signaling and subsequent Dll4 expression.
Because angiogenesis requires a fine regulation of cell proliferation, migration, and tip vs stalk cell balance, we hypothesized that adhesion, VEGF, and Notch pathways are interconnected.
Adhesion to laminin triggers a specific induction of Dll4 expression in endothelial cells, leading to Notch signaling activation. Loss-of-function studies reveal that a selective integrin signaling, involving ␣2␤1 and ␣6␤1, is acting upstream of the Dll4/Notch pathway in endothelial cells. Laminin-induced Dll4 expression requires a transcription-dependent mechanism. Specifically, we show that increase in Foxc2 expression and transcriptional activity, triggered by ␣2␤1, is required for Dll4 expression. Furthermore, the proangiogenic factor VEGF stimulates laminin deposition, which leads to integrin signaling and Dll4 expression in cultured endothelial cells.
In conclusion, our work provides the original notion that the extracellular matrix and integrin-mediated signaling modulate Notch signaling and play a central role in determination of the stalk vs tip identity in endothelial cells.
Such novel insights into a matrix-dependent regulation of the endothelial VEGF-Notch signaling during sprouting angiogenesis open perspectives for the development of novel therapeutic approaches.
